Research in contextEvidence before this studyβ cell dysfunction is a physiological hallmark of patients with type 2 diabetes mellitus (T2DM). One key mechanism for β cell dysfunction is β cell dedifferentiation, which eventually causes the loss of maturity and insulin secretion ability of β cells. T2DM is an inflammation-related disease and islet inflammation impairs β cell function. Presently, MSCs represent an important paradigm of cell-based therapy for a range of inflammation- and immunity-related diseases due to their superior anti-inflammation and immunomodulatory abilities. However, the impact and mechanistic action of MSCs on human T2DM islets remain elusive.Added value of this studyIn the present study, we demonstrated that β cell dysfunction in human T2DM islets was ameliorated following MSCs treatment both ex vivo and *in vivo*. We found that elevated expression of IL-1β and TNF-α in human T2DM islets can activate MSCs to secrete IL-1Ra, a requirement for MSCs to restore the function of hT2DM islets. This functional improvement of human T2DM islets by MSCs is due to the reversal of β cell dedifferentiation.Implications of all the available evidenceThis study demonstrated MSCs' beneficial effect on improving the β cell function by reversing β cell dedifferentiation in human T2DM islets. This finding implies that MSCs administration can be a potential approach to hinder or reverse β cell dedifferentiation and hence may offer a therapeutic strategy for the protection or restoration of β cell function in T2DM patients.Alt-text: Unlabelled box

1. Introduction {#sec0005}
===============

There is an increasing number of people affected by type 2 diabetes mellitus (T2DM), which places a significant socioeconomic burden on both the individual and health care systems globally. Altogether, an estimated 425 million people are affected by diabetes mellitus worldwide [@bib0001], with over 90% of patients comprised of T2DM. β cell dysfunction is a hallmark of T2DM that follows the disease progression [@bib0002], which interestingly, appears to be especially prominent in East Asian populations [@bib0003]. Unfortunately, there is a lack of appropriate therapies in mitigating β cell dysfunction.

Although the causes of β cell dysfunction are multifactorial [@bib0004], inflammation, especially the local inflammation in the islets, is thought to play a critical role in the pathogenesis of β cell defects [@bib0005], [@bib0006], [@bib0007], [@bib0008], [@bib0009], [@bib0010]. Glucotoxicity, lipotoxicity, oxidative and amyloid stress are prevailing contributors in T2DM islet dysfunction through direct and indirect inflammatory responses \[[@bib0006],[@bib0011], [@bib0012], [@bib0013], [@bib0014], [@bib0015]\]. Accordingly, therapies that target inflammation have demonstrated improvement in β cell function. For instance, the administration of an IL-1 antagonist was shown to reduce HbA1c in T2DM patients [@bib0016]. Diacerein, which decreases both IL-1β and TNF-α demonstrated improved insulin secretion of T2DM patients \[[@bib0017],[@bib0018]\]. Moreover, the COX-2 inhibitor Celecoxib was shown to improve insulin secretion of human islets [@bib0019]. Together, these studies suggest that targeting the inflammatory response is critical in mitigating β cell dysfunction.

One strategy in modulating excessive inflammation involves the use of mesenchymal stem cells (MSCs). Previous clinical trials have explored MSCs as a potential cell-based therapy in treating various diseases with promising results that demonstrate their superior anti-inflammatory, immunomodulatory and angiogenic properties [@bib0020], [@bib0021], [@bib0022], [@bib0023]. Although several clinical trials have shown that MSCs can reduce hyperglycaemia by increasing insulin secretion in T2DM patients [@bib0024], [@bib0025], [@bib0026], [@bib0027], [@bib0028], [@bib0029], the mechanistic action of MSCs on human T2DM islets remains unknown.

The present study utilizes human umbilical cord MSCs and purified human T2DM (hT2DM) islets to unveil its parallel relationship. We report that MSCs can mitigate the β cell dysfunction of hT2DM islets by reversing β cell dedifferentiation through a crosstalk between the two, a phenomenon that is absent in human non-diabetic (hND) islets. This crosstalk mediates MSCs-secreted IL-1Ra, reducing the overall inflammatory response in hT2DM islets. *In vivo* studies revealed the beneficial effect of MSCs on hT2DM islets, which further highlights its translational potential in treating β cell dysfunction.

2. Materials and methods {#sec0006}
========================

2.1. Human islets isolation and culture {#sec0007}
---------------------------------------

Human pancreata were obtained between Dec. 2016 to Dec. 2018 from 17 T2DM and 12 ND organ donors with informed consent for research. Organ donor information was obtained and displayed in the [Table 1](#tbl0001){ref-type="table"}. The protocol of this study was approved by the Medical Ethics Committee of the Tianjin First Central Hospital (No.:2016N066KY). hND or hT2DM islets were isolated by Collagenase NB1 (SERVA, Heidelberg, Germany) and Neutral Protease NB (SERVA, Heidelberg, Germany) digestion followed by continuous density purification. High purity islets (\>90%) were collected and cultured on CMRL-1066 medium (Corning, Manassas, VA, USA), supplemented with 10% Human Serum Albumin (Baxter, Vienna, Austria), 100 U/mL penicillin and 100 μg/mL streptomycin at 37 °C in 5% CO~2~.Table 1Donor information.Table 1Donor CharacteristicsAge (y)BMI (kg/m^2^)HbA1c (%)Male (%)Female (%)**ND (*N*** **=** **12)**45.90±8.6925.33±4.785.38±0.2091.67%8.33%**T2DM (*N*** **=** **17)**52.53±9.2725.34±2.507.76±1.4576.47%23.53%***p* value**0.07830.99330.0002

2.2. Human umbilical cord MSCs isolation {#sec0008}
----------------------------------------

Human umbilical cord tissues were obtained during Dec. 2016 to Dec. 2018 from healthy post-natal females with informed consent for research. The Warton Jelly was cut into 1--3 mm^3^ pieces and cultured in Human MSC Serum-Free Medium (TBD, Tianjin, China) with 100 U/mL penicillin and 100 μg/mL streptomycin. MSCs that were positive for the mesenchymal markers CD45, CD90, CD73, CD105 (\>95%) and negative for hematopoietic markers CD34 and CD45 (\<5%) at passage 3--6 were selected for experimental use.

2.3. Coculture of islets and MSCs {#sec0009}
---------------------------------

500 hND or hT2DM islets were placed in the upper transwell insert with a 0.4 μm pore size (Corning, Manassas, VA, USA) and 5 × 10^4^ MSCs pre-seeded in the bottom well were cocultured for 24 h prior to further analyses.

2.4. Insulin secretion assay {#sec0010}
----------------------------

10 hND or hT2DM islets were pre-treated in a low-glucose (1.67 mM) Krebs-Ringer bicarbonate buffer (KRB; supplemented with 0.5% BSA) for 1 h, followed by an 1 h treatment with 1 mL low-glucose KRB solution and 1 mL high-glucose KRB solution (16.7 mM). Insulin concentration at low and high glucose was measured by ELISA (Mercodia, Uppsala, Sweden). Insulin secretion was measured and expressed as the glucose stimulated index (GSI; insulin concentration at high glucose/insulin concentration at low glucose). GSI of control group was arbitrarily set to 1, and that of treatment groups were expressed as fold change compared with that of the control group.

2.5. Neutralization of IL-1Ra {#sec0011}
-----------------------------

In hT2DM islet and MSCs coculture system, anti-IL-1Ra antibody (Abcam, Cambridge, UK) at a concentration of 500 ng/mL was added to neutralize IL-1Ra for 24 h.

2.6. Knockdown of IL-1Ra in MSCs {#sec0012}
--------------------------------

Recombinant lentivirus containing shRNAs targeting *IL-1Ra* (GCCCGTCAGCCTCACCAATAT, GGTACCCATTGAGCCTCATGC, and GCCTGTTCCCATTCTTGCATG) or a scramble sequence (shNC: TTCTCCGAACGTGTCACGT) (GenePharma, Shanghai, China) were used to infect MSCs at 40% confluence according to the manufacturer\'s recommended protocol (<http://www.genepharma.com/public/upload/1495416183.pdf>). Puromycin resistant cells with positive GFP expression were harvested for qPCR to determine IL-1Ra expression.

2.7. Stimulation of MSCs {#sec0013}
------------------------

500 hND or hT2DM islets were cultured in CMRL-1066 medium for 24 h, and then the culture medium of islets was collected as conditioned media (hND-CM, or hT2DM-CM). At roughly 80% confluency, MSCs were either cultured in CMRL-1066 medium, islet-conditioned media, or cocultured with islets for 24 h, followed by qPCR analyses.

MSCs at \~80% confluence were either treated with 2.5/5/10 ng/mL IL-1β, 25/50/100 ng/mL TNF-α, 25/50/100 ng/mL, IL-6 for 6 h and 12 h. MSCs and culture supernatants were harvested and analysed by qPCR and ELISA (R&D, Minneapolis, MN, USA), respectively.

2.8. RNA extraction, RT-PCR and qPCR {#sec0014}
------------------------------------

RNA extraction and cDNA synthesis was performed using the RNeasy Mini Kit (QIAGEN, Dusseldorf, Germany) and PrimeScript RT reagent Kit with GDNA Eraser (Takara, Kohoku-cho, Kusatsu, Japan) respectively. Quantitative real-time qPCR was measured with SYBR Premix ExTaq II (Takara, Kohoku-cho, Kusatsu, Japan) using LightCycler96 System (Roche, Basel, Switzerland). Relative mRNA expression of different treatments was calculated by the 2^−△△CT^ method. Relative mRNA expression between hND and T2DM islets was calculated by 2^−△CT^. The primers sequences are shown in Table S1.

2.9. MSCs and hT2DM islets co-transplantation {#sec0015}
---------------------------------------------

All mice were fed normal chow and maintained on a 12-hour light--dark cycle (lights on at 7:00 AM). The Nankai University Institutional Animal Care and Utilization Committee approved all experiments. SCID mice (8--10 weeks) were purchased from Model Animal Research Center of Nanjing University (Nanjing, China) and administrated with streptozotocin (STZ, 150 mg kg^−1^; S0130, Sigma) by intraperitoneal injection. Seven days after injection, mice exhibiting hyperglycemia (\>20 mM) were selected for use in subsequent experiments. MSCs and isolated hT2DM islets were cotransplanted to the kidney capsule of diabetic SCID mice (1500 IEQ+1 × 10^6^ MSCs/mouse). 2 weeks after transplantation, the islet graft and kidney were harvested for immunohistochemical analyses.

2.10. MSCs treatment of db/db mice {#sec0016}
----------------------------------

C57BL/KsJ-db/db mice (male) and their respective controls were purchased from Model Animal Research Center of Nanjing University (Nanjing, China). 1 × 10^6^ MSCs in 0.2 mL PBS were injected to each mouse in the MSCs treatment group (db/db MSC, *n* = 9) via tail vein at 7 weeks and 9 weeks of age, respectively. Injection of equal volume of PBS was applied for the mice in control group (db/db Ctrl, *n* = 8). Blood glucose level, weight, and food intake were monitored every week. The mice were sacrificed at 11-weeks of age after an oral glucose tolerance test (OGTT). Pancreata were harvested for further immunohistology analysis. For OGTT, the mice were fasted for 18 h and subsequently administered with a glucose solution (1 g/kg) by intragastric gavage. Blood glucose levels were determined at 0 (baseline), 15, 30, 60, 90 and 120 min and the area under the curve (AUC) was calculated.

2.11. Immunofluorescence staining and image quantifications {#sec0017}
-----------------------------------------------------------

Human islets and mice pancreatic tissues were fixed in 4% paraformaldehyde, embedded with paraffin and sectioned (3 µm). After deparaffinization, sections were treated with EDTA antigen retrieval solution (Solarbio, Beijing, China) in a microwave oven, washed, permeabilized and blocked. This was followed by incubation of primary antibodies and secondary antibodies. Immunohistochemical staining was performed using insulin (1:200, Abcam, Cambridge, MA, USA), glucagon (1:200, Abcam, Cambridge, MA, USA), NKX6.1 (1:500, Novus, Carpinteria, CA, USA), ALDH1A3 (1:500, Novus, Carpinteria, CA, USA), PDX1 (1:50, Cell Signaling Technology, Danvers, MA, USA), FOXO1 (1:100, LifeSpan BioSciences, Seattle, WA, USA) primary antibodies, along with FITC AffiniPure Goat Anti-Rabbit IgG H&L (1:200, Jackson Immunoresearch Laboratories and Molecular Probes, West Grove, PA, USA), TRITC AffiniPure Goat Anti-Rabbit IgG H&L (1:100, Jackson Immunoresearch Laboratories and Molecular Probes, West Grove, PA, USA), Alexa Fluor 488 AffiniPure Goat Anti-Guinea pig IgG H&L (1:200, Abcam, Cambridge, MA, USA) secondary antibodies. Counterstaining was performed with DAPI (Vector, Burlingame, CA, USA).

Sections were counterstained with DAPI (Vector, Burlingame, CA, USA). Pannoramic MIDI and Pannoramic Viewer (3DHistech) were used to scan stained slides and capture images. Two observers (T.L. and Y.L.) performed the quantification in a blinded fashion using the CytoNuclear count function of the Image Pro-Plus software (Media Cybernetics, Silver Spring, Maryland). The mean total cell counts per islets were 109.7 ± 33.83 (mean ± SD). The cell counts of each cell type were normalized as the cell percentage in each islet by the formula: mean β cell percentage per islet = average (β cell number/total islet cell number) X 100%. Islets containing at least one positive stained protein of interest were scored. Only cells that had a clearly labelled nucleus, positive cells for each marker or demonstrated colocalization of different markers were included. At least 3 random microscopic fields per sample and 5 random islets per microscopic field were scored.

2.12. Statistical analysis {#sec0018}
--------------------------

Data processing were performed using GraphPad Prism v7.0. Two-tailed Student\'s *t-*test was used for data analysis and *p*\< 0.05 were considered statistically significant. Quantitative data were shown as mean ± SEM when *n*\<10, and Turkey\'s box-whisker when *n*\>10.

3. Results {#sec0019}
==========

3.1. MSCs improve β cell function of hT2DM islets, but not hND islets {#sec0020}
---------------------------------------------------------------------

To determine the effect of MSCs on hT2DM and hND islets, islet cells were cocultured with MSCs for 24 h in a transwell device. The MSCs coculture demonstrated a significant elevation in the glucose stimulated index (GSI) of hT2DM islets (*p*\<0.01, [Fig. 1](#fig0001){ref-type="fig"}A), but not in the hND islets ([Fig. 1](#fig0001){ref-type="fig"}C). Likewise, immunofluorescence staining demonstrated a significant elevation of insulin positive cells (Ins^+^ cells) by MSCs coculture (*p*\<0.001, [Fig. 1](#fig0001){ref-type="fig"}B), whereas hND islets did not ([Fig. 1](#fig0001){ref-type="fig"}D). Using a FDA/PI assay, the MSCs coculture did not significantly improve the survival of hT2DM islets within 24 h (Figure S1), ruling out potential confounding variables associated with cell viability. Furthermore, when two non-MSC cells (HEK293T and HL7702) were cocultured with hT2DM islets, GSI did not show improvement (Figure S2). This reiterates the notion that the observed functional improvement of hT2DM islets is specific to MSCs.Fig. 1**MSCs coculture improves β cell function of hT2DM islets. (A)**Glucose stimulated index (GSI) of hT2DM islets cocultured with or without MSCs coculture. GSI of control group was arbitrarily set to 1, and that of treatment group was expressed as fold change compared with that of control group. Data were shown as mean±SEM of GSI fold change. *n* = 8. **(B)** Immunofluorescence with Insulin (Ins, green) and DAPI (blue) of hT2DM islets with or without MSCs coculture. Scale bars = 20 μm. Quantification of Ins^+^cells per islet is shown as mean±SEM in at least 45 islets from 3 donors (at least 15 islets per donor)**. (C)**GSI of hND islets cocultured with or without MSCs coculture. Data were shown as mean±SEM of GSI fold change. *n* = 8. **(D)** Immunofluorescence with Insulin (Ins, green) and DAPI (blue) of hT2DM islets with or without MSCs coculture. Scale bars = 20 μm. Quantification of Ins^+^cells per islet is shown as mean±SEM of at least 45 islets from 3 donors (at least 15 islets per donor). \*\**p* \< 0.01, \*\*\**p* \< 0.001.Fig. 1

3.2. hT2DM islets, but not hND islets, stimulate MSCs to secrete IL-1Ra {#sec0021}
-----------------------------------------------------------------------

With the absence of direct contact between MSCs and hT2DM islets, we hypothesized that MSCs secrete soluble factors that are trafficked through the transwell device, mediating MSCs' effect on hT2DM islets. Thus we compared the gene expressions of several factors including hepatocyte growth factor (*HGF*) [@bib0030], vascular endothelial growth factor (*VEGF*) [@bib0031], and *IL-1Ra* [@bib0032], all of which have been previously reported as factors secreted by MSCs. Only IL-1Ra was significantly induced by hT2DM islets or their conditioned media in comparison to unstimulated-MSCs ([Fig. 2](#fig0002){ref-type="fig"}A). Unlike hT2DM islets, hND islets did not induce the expression of IL-1Ra in MSCs ([Fig. 2](#fig0002){ref-type="fig"}B).Fig. 2**Human T2DM islets, but not ND islets, stimulate MSCs to secrete IL-1Ra. (A)** Relative mRNA expression of *IL-1Ra, VEGF, HGF* in MSCs with the treatment of hT2DM islets conditioned medium (+hT2DM-CM), coculture with hT2DM islets (+hT2DM). Data were shown as mean±SEM of 4 independent experiments with islets from 2 donors. **(B)** Relative mRNA expression of *IL-1Ra* in MSCs with treatment of hND islets conditioned medium (+hND-CM), or coculture with hND islets (+hND). Data were shown as mean±SEM of 4 independent experiments with islets from 2 donors. **(C)***IL-1β, TNF-α,*and*IL-6* expression in hT2DM islets in comparison to hND islets (*n* = 6 for hND, *n* = 4--7 for hT2DM). **(D-F)***IL-1Ra* expression in MSCs treated with IL-1β (**D**), TNF-α (**E**), or IL-6 (**F**) for 6 h or 12 h. **(G)** IL-1Ra secretion from MSCs treated with IL-1β or TNF-α for 12 h. *n* = 3. \**p*\<0.05, \*\**p*\<0.01, \*\*\**p*\<0.001.Fig. 2

3.3. IL-1β and TNF-α, highly expressed in hT2DM islets, activate MSCs to secrete IL-1Ra {#sec0022}
---------------------------------------------------------------------------------------

We found that IL-1β expression was significantly higher in hT2DM islets relative to hND islets ([Fig. 2](#fig0002){ref-type="fig"}C). Though less prominent, TNF-α and IL-6 also exhibited significantly higher expression in hT2DM islets in comparison to hND islets ([Fig. 2](#fig0002){ref-type="fig"}C). To determine the role of these inflammatory cytokines in activating MSCs, we exposed MSCs to either IL-1β, TNF-α, or IL-6 for 6 h and 12 h. We observed that the IL-1β treatment significantly induced IL-1Ra expression in MSCs ([Fig. 2](#fig0002){ref-type="fig"}D) at 6 h and 12 h. TNF-α slightly provoked IL-1Ra expression at 6 h but prolonged treatment with TNF-α (ie. 12 h) demonstrated significant activation of IL-1Ra ([Fig. 2](#fig0002){ref-type="fig"}E). IL-1Ra expression from MSCs was not significantly elevated following IL-6 exposure ([Fig. 2](#fig0002){ref-type="fig"}F). ELISA further confirmed that a 12-hour treatment of IL-1β and TNF-α enhanced IL-1Ra secretion from MSCs ([Fig. 2](#fig0002){ref-type="fig"}G).

3.4. IL-1Ra mediates the functional improvement of hT2DM islets by MSCs {#sec0023}
-----------------------------------------------------------------------

Using IL-1Ra to treat hT2DM islets, we found that IL-1Ra treatment significantly elevated GSI (*p*\<0.01, [Fig. 3](#fig0003){ref-type="fig"}A) and increased the gene expression of *FOXO1, NKX6.1*, and *MAFA* of hT2DM islets ([Fig. 3](#fig0003){ref-type="fig"}B). To confirm this effect, we used a neutralizing antibody (nIL-1Ra) to block the function of IL-1Ra. As predicted, nIL-1Ra abrogated GSI improvement (*p*\<0.05, [Fig. 3](#fig0003){ref-type="fig"}C) and nullified the elevated expression of β cell functional genes in hT2DM islets by MSCs ([Fig. 3](#fig0003){ref-type="fig"}D). Previous GSI-improvement was also reversed when shRNAs were used to specifically knock down IL-1Ra expression in MSCs (*p*\<0.01, [Figs. 3](#fig0003){ref-type="fig"}E and [3](#fig0003){ref-type="fig"}F). These results demonstrate that MSCs ameliorated the β cell dysfunction in an IL-1Ra dependent manner.Fig. 3**IL-1Ra mediates the functional improvement of human T2DM islets by MSCs. (A)** GSI fold change of hT2DM islets with or without IL-1Ra treatment (1000 ng/mL) for 24 h. **(B)** Relative mRNA expression of *FOXO1, NKX6.1*, and *MAFA* in hT2DM islets with or without IL-1Ra treatment. **(C)** GSI fold change of hT2DM islets treated with MSCs coculture, MSCs coculture in the presence of neutralizing anti-IL-1Ra (nIL-1Ra, 500 ng/mL). **(D)** Relative mRNA expression of *FOXO1, NKX6.1, MAFA* in hT2DM islets treated with MSCs coculture, or MSCs coculture in the presence of neutralizing anti-IL-1Ra (nIL-1Ra, 500 ng /mL). **(E)** Relative mRNA expression of *IL-1Ra* in MSCs with IL-1Ra knockdown (MSC-KD) or control cells (MSC---NC). **(F)** GSI fold change of hT2DM islets cocultured with MSCs with negative control (+MSC---NC) or with IL-1Ra knockdown (+MSC-KD),or cultured alone. GSI of control group (hT2DM) was arbitrarily set to 1, and that of treatment groups were expressed as fold change compared with that of the control group. Data were shown as mean±SEM of 4 independent experiments with islets from 2 donors. \**p*\<0.05, \*\**p*\<0.01, \*\*\**p*\<0.001.Fig. 3

3.5. MSCs reverse β cell dedifferentiation in hT2DM islets {#sec0024}
----------------------------------------------------------

Current literature suggests that β cell dedifferentiation plays a central role in *β* cell dysfunction \[[@bib0013],[@bib0033], [@bib0034], [@bib0035], [@bib0036]\]. Immunofluorescence staining revealed that the percentage of dedifferentiated β cells in hT2DM islets cocultured with MSCs was significantly reduced. This is evidenced by a decreased percentage of FOXO1^−^Ins^+^ cells ([Fig. 4](#fig0004){ref-type="fig"}A-C) and ALDH1A3^+^Ins^+^cells ([Fig. 4](#fig0004){ref-type="fig"}D-F), as well as a decreased percentage of cells with cytoplasmic expression of NKX6.1 (NKX6.1^Cyt^) ([Fig. 4](#fig0004){ref-type="fig"}G&I) or with cytoplasmic expression of PDX1 (PDX1^cyt^) cells ([Fig. 4](#fig0004){ref-type="fig"}H&J). In parallel, we observed a significant increase of the well-differentiated β cells (FOXO1^+^Ins^+^, ALDH1A3^−^Ins^+^, NKX6.1^nu^Ins^+^, PDX1^nu^Ins^+^) in MSCs cocultured islets ([Fig. 4](#fig0004){ref-type="fig"}). This indicates that the MSCs coculture reversed β cell dedifferentiation in hT2DM islets.Fig. 4**MSCs reverse β cell dedifferentiation of hT2DM islets. (A)** Immunofluorescence of FOXO1 (red), Insulin (Ins, green) and DAPI (blue) in hT2DM islets treated with MSCs coculture. **(B)** The amplified images of the white rectangle in (A), with white arrows showing the FOXO1^−^Ins^+^ cells. **(C)** FOXO1^+^Ins^+^ and FOXO1^−^Ins^−^ cells percentage per islet. **(D)** Immunofluorescence with ALDH1A3 (red), Insulin (Ins, green) and DAPI (blue) hT2DM islets treated with MSCs coculture. **(E)** The amplified images of the white rectangle in (A), with white arrows showing the ALDH1A3^+^Ins^+^ cells. **(F)** ALDH1A3^+^Ins^+^ and ALDH1A^−^Ins^+^ cells percentage per islet. **(G&H)** Immunofluorescence with NKX6.1 (red) (G) or PDX1 (red) (H), Insulin (Ins, green) and DAPI (blue) of hT2DM islets with or without MSCs coculture. **(I)** Quantification of NKX6.1^cyt^ and NKX6.1^nu^Ins^+^ cells percentage per islet. **(J)** Quantification of PDX1^cyt^ and PDX1^nu^Ins^+^ cells percentage per islet. Scale bars=20 μm. Data were shown as mean±SEM of 45--60 islets from 3--4 donors (at least 15 islets per donor). ^cyt^: cytoplasmic expression, ^nu^: nucleic expression, \**p*\<0.05, \*\**p*\<0.01, \*\*\**p*\<0.001.Fig. 4

3.6. Co-transplantation of MSCs reverses the β dedifferentiation of with human T2DM islets {#sec0025}
------------------------------------------------------------------------------------------

To determine whether the MSCs-mediated reversal of β cell dedifferentiation is true in hT2DM islets *in vivo*, we co-transplanted hT2DM islets with MSCs to the kidney capsule of diabetic SCID mice (STZ induced). Immunostaining of the islet grafts demonstrated a reduction in ALDH1A3^+^ and ALDH1A3^+^Ins^+^ cells in the MSCs co-transplantation group in comparison to the control group ([Fig. 5](#fig0005){ref-type="fig"}). These results validated that the MSCs can reverse the β cell dedifferentiation of the hT2DM islets *in vivo*.Fig. 5**Cotransplantation with MSCs to SCID mice reversed β cell dedifferentiation of human T2DM islets.** hT2DM islets were transplanted to STZ-induced diabetic SCID mice with or without MSCs cotransplantation. Immunofluorescence of ALDH1A3 (red), Insulin (Ins, green) and DAPI (blue) in hT2DM islet grafts of the two groups **(A)**. Ins^+^, ALDH1A3^+^ and ALDH1A3^−^Ins^+^ cells percentage per islet were shown as mean±SEM**(B-D)**. \**p*\<0.05, \*\**p*\<0.01, \*\*\**p*\<0.001.Fig. 5

3.7. MSCs transplantation reverses β cell dedifferentiation of db/db mice {#sec0026}
-------------------------------------------------------------------------

We administered MSCs to db/db mice, a well-established mouse model of hT2DM [@bib0037] and β cell dedifferentiation [@bib0038]. Two doses of MSCs were administered to db/db mice at the age of 7 weeks and 9 weeks using a tail vein injection and equal volume of PBS as a control treatment ([Fig. 6](#fig0006){ref-type="fig"}A). Immunofluorescent analysis of mice pancreata demonstrated that MSCs transplantation reversed the β cell dedifferentiation of db/db mice *in vivo.* This was evidenced by a significantly decreased percentage of dedifferentiated β cells (Foxo1^−^Ins^+^ and Aldh1a3^+^Ins^+^cells) but increased percentage of well-differentiated β cells (Foxo1^+^Ins^+^ and Aldh1a3^−^Ins^+^ cells) in the MSCs treated group with respect to the control group (*p*\<0.001, [Fig. 6](#fig0006){ref-type="fig"}B-E).Fig. 6**MSCs transplantation reversed β cell dedifferentiation and improved β cell function of db/db mice. (A)** Study design of the MSCs transplantation in db/db mice. **(B)** Immunofluorescence with Insulin (Ins, green), Foxo1 (red) and DAPI (blue) in db/db mice islets of the MSCs treatment group and the control group 4 weeks after treatment. Scale bars=20 μm. **(C)** Quantification of the percentage of Foxo1^−^Ins^+^ and Foxo1^+^Ins^+^ cells per islet (*n* = 5 per group). **(D)** Immunofluorescence with Insulin (Ins, green), Aldh1a3 (red) and DAPI (blue) of db/db mouse islets with MSCs treatment group and control group 4 weeks after treatment. Scale bars=20 μm. **(E)** Quantification of the percentage of Aldh1a3^+^Ins^+^ and Aldh1a3^−^Ins^+^cells per islet (*n* = 5 per group). **(F)** Weight of the db/db mice of the MSCs treatment group and control group (*n* = 8 per group). **(G)** Daily food intake of the db/db mice of the MSCs treatment group and control group (*n* = 8 per group). **(H)** Non-fasting glucose measurement of db/db mice in the MSCs treatment group and control group (*n* = 8 per group). **(I)** OGTT of the db/db mice of the MSCs treatment group and control group 4 weeks after the treatment. **(J)** AUC of the OGTT curve of the db/db mice of the MSCs treatment group and control group 4 weeks after the treatment (*n* = 6--8 per group). Data were shown as mean±SEM. \**p*\<0.05, \*\**p*\<0.01, \*\*\**p*\<0.001.Fig. 6

Consistent with reversal of MSCs-mediated β cell dedifferentiation in db/db mice, islet function was improved in mice with MSCs treatment in comparison to control mice. However, weight gain ([Fig. 6](#fig0006){ref-type="fig"}F) and daily food intake ([Fig. 6](#fig0006){ref-type="fig"}G) showed no significant difference between the two groups. In comparison to the control group, MSCs transplantation significantly decreased the non-fasting blood glucose one week after the first injection (*p*\<0.05, [Fig. 6](#fig0006){ref-type="fig"}H). OGTT results demonstrate that the blood glucose in the MSCs treated group was significantly lower than the control group at 90 min and 120 min (*p*\<0.05, [Fig. 6](#fig0006){ref-type="fig"}I) and the glucose tolerance was significantly reduced in the MSCs treated group (*p*\<0.01, [Fig. 6](#fig0006){ref-type="fig"}J). These results indicate improvement in islet function of db/db mice following MSCs treatment, further evidencing the reversal of β cell dedifferentiation by MSCs.

4. Discussion {#sec0027}
=============

The present study demonstrated that β cell dysfunction in hT2DM islets was ameliorated following MSCs treatment both *ex vivo* and *in vivo*. This effect can be attributed to the reversal of β cell dedifferentiation in hT2DM islets, a key mechanism behind β cell dysfunction in T2DM patients. Our study provides direct evidence for the improved β cell function by MSCs treatment, a finding that aligns with prior clinical trials that reported increased insulin secretion following MSCs treatment in T2DM patients \[[@bib0024], [@bib0025], [@bib0026], [@bib0027], [@bib0028],[@bib0039]\].

Presently, MSCs represent an important paradigm of cell-based therapy for a range of diseases due to their wide tissue regeneration potential [@bib0020], [@bib0021], [@bib0022]. Yet, its mechanistic role remains unclear. Our study investigated the differential impact of MSCs on diseased or healthy human islets. We found that MSCs improved the function of hT2DM islets but not the hND islets, which can be attributed to hT2DM, but not hND, islets' ability to stimulate MSCs to secret IL-1Ra. This result supports the notion that MSCs can respond to different physiological conditions and act accordingly [@bib0040].

In islet cells, the expression of proinflammatory cytokines can be induced by the destruction of IAPP [@bib0041], hyperglycaemia \[[@bib0011],[@bib0042]\] and free fatty acid stimulation [@bib0043]. The proinflammatory cytokines can cause β cell dysfunction [@bib0044] as well as dedifferentiation [@bib0045]. hT2DM islets display greater inflammation in comparison to hND islets, evidenced by an increased proinflammatory cytokines expression. In our study, we demonstrated that elevated expression of IL-1β and TNF-α can activate MSCs to secrete IL-1Ra, a requirement for MSCs to restore the function of hT2DM islets. Moreover, IL-1Ra has been shown to inhibit the IL-1 signaling transduction pathway, subsequently preventing damage caused by intermediates such as COX-2 [@bib0019] and NF-kB \[[@bib0046],[@bib0047]\]. IL-1Ra was also found to reduce the endogenous production of IL-1β in hT2DM islets, possibly due to a feedback loop blockade in IL-1β signallng [@bib0048]. Amongst numerous previously reported effects, this study demonstrates that MSCs can diminish endogenous IL-1β production in hT2DM islets to decrease islet damage, reverse β cell dedifferentiation, and more importantly, this process is mediated by the secretion of IL-1Ra. In our study, IL-1Ra inhibition by neutralizing antibody or depletion by shRNAs abolished the protective effects of MSCs on human T2DM islets. These data convincingly indicated the key role of IL-1Ra in meditating the beneficial effect of MSCs on improving the function of human T2DM islets. In addition, IL-1Ra can directly block the IL-1 signaling in β cells, which have been proven expressing the highest level of IL-1R1 [@bib0043], and hence prevent the impairment caused by IL-1β. IL-1Ra can also regulate the phenotype switch of macrophages [@bib0049]. A previous study in T2DM mice has shown that MSCs infusion improved the β cell function through promoting the phenotype switch of macrophages in the diabetic mice islets [@bib0050]. Therefore it is possible that macrophages may also be involved in restoring the homeostasis of human T2DM islets.

Apart from the islet destruction, physiological IL-1β may also have a role in effects in glycaemic control. Previous evidence has demonstrated that low levels of IL-1β can amplify glucose-induced insulin secretion \[[@bib0051],[@bib0052]\]. In contrast, over suppression of IL-1 signaling may also impair glucose homeostasis and increase the risk of infection \[[@bib0053],[@bib0054]\]. Therefore, the proposed crosstalk between MSCs and T2DM islets ensures tight regulation in IL-1Ra secretion, thus controlling the IL-1β homeostasis.

Numerous studies have established that β cell dedifferentiation results in β cell dysfunction in T2DM patients \[[@bib0033],[@bib0055],[@bib0056]\]. Stressed β cells can revert from their mature state back to a dedifferentiated state, resulting in reduced or absent insulin production \[[@bib0013],[@bib0034],[@bib0057]\]. By demonstrating the reversibility of human β cell dedifferentiation, we propose that MSCs administration can be a potential approach to hinder or reverse this process. Furthermore, cell dedifferentiation has been observed in a number of cells such as neural cells [@bib0058], chondrocytes [@bib0059] and cancer cells \[[@bib0060],[@bib0061]\]. In all cases, local inflammation plays a key role in inducing the dedifferentiation of these cells. Therefore, cell dedifferentiation may contribute to the pathogenesis of a wide range of diseases or compromise the therapeutic efficacy of existing therapies. With the proposed role of MSCs in reversing β cell dedifferentiation, our study may offer insight into future studies attempting to develop MSCs-based therapies in other diseases.
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